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ABSTRACT
A double pulse welding current method is disclosed for the
generation and transfer of droplets of welding metal from an
electrode wire to a workpiece in an arc welding process. A
Suitable background direct current level is specified to
deliver a desired number of droplets to the weld site. During
each cycle of droplet formation and transfer, a first increased
current pulse is applied to the electrode and arc to generate
a droplet on the tip of and electrode and then a Second further
increased current pulse is applied to timely separate the
droplet from the electrode for transport in the arc to the
Workpiece. This double-pulse current application reliably
produces one droplet per cycle of pulses to deliver a speci
fied number of droplets to the weld site for improved weld
quality and reduced spatter or waste of Weld metal.
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METAL TRANSFER IN ARC WELDING
TECHNICAL FIELD

0001. This invention pertains to the formation and trans
fer of molten metal droplets in arc welding. More specifi
cally this invention pertains to the use and control of a
pulsed welding current to generate and transfer one metal
dropper double-pulse from a consumable welding electrode
to a workpiece.
BACKGROUND OF THE INVENTION

0002 Gas metal arc welding (GMAW) is an arc welding

proceSS in which heat for welding is generated by an arc
between a consumable electrode and the workpiece metal.
The electrode is a metal wire that is continuously fed to the

Weld Site and becomes the filler metal as it is consumed in

the arc. The electrode, arc, Weld puddle and adjacent area of
the grounded workpiece are protected from atmospheric
contamination by a gaseous shield. The gas shield is pro
Vided by a gas, or mixture of gasses, usually fed through an
electrode wire holder. GMAW is used to join metal struc
tures where a filler material is required to make the Weld. It

is often, but not always, performed with the workpiece(s) to

be joined in a generally horizontal position for more precise
placement of the falling Spray or drops of liquid metal
produced in the arc between the electrode wire and work
piece. In the manufacture of automotive vehicles, for
example, this welding practice has much flexibility. It can be
used to join workpieces of ferrous alloys, e.g., low carbon
Steels and other alloyed Steels, or aluminum alloys or other
metals.

0.003 GMAW requires an electrical power supply with
Sufficient Voltage to produce a current acroSS the electrode
Workpiece gap and Sufficient current to melt the electrode to
make the Weld metal deposit. The process requires a wire
feeder that continuously advances the electrode wire as it
melts and a Smooth flow of Shielding gas. An electrode
holder, Sometimes called a "gun', is often used to Simulta
neously carry and direct the end of the electrode wire toward
the Weld site, contact the wire with electrical current, and

direct the Shielding gas at the Weld site.
0004 Direct current power sources are usually used for
GMAW, and they are variously controlled to deliver con
Stant-current, or constant-Voltage, or other welding current
patterns during the welding of a workpiece. Computers
operating with electric power controllers are often used,
particularly in operations involving the formation of like or
Similar welds on a continual Succession of workpieces.
0005 GMAW also offers flexibility in the mode of metal
transfer from the tip of the consumable electrode wire to the
molten weld puddle at the Weld site. In a spray-arc mode, the
metal is transferred from the wire to the puddle in an axial
Stream of fine droplets. In a globular mode of metal transfer,
the current density is controlled So that a relatively large
drop of molten metal forms at the end of the electrode wire,
and the drop hangs on the tip for a Small fraction of a Second
until the force of gravity exceeds the Surface tension retain
ing the drop and it falls into the molten weld deposit. In a
Short-circuiting mode of metal transfer, the Weld current is
controlled so that the molten droplet formed on the weld tip
grows and touches the weld puddle before it falls into the
puddle. While the droplet touches the puddle a momentary

short circuit exists which is broken when the drop falls. This
Short circuit-broken circuit phenomenon may be repeated
several times in the formation of each weld. It is found that

the control of such GMAW welding modes is dependent on
the delivery of molten filler metal from the consumable

electrode to the workpiece(s). The welder or welding control
System needs to manage the deposit of molten weld material
So that the Solidified joint is Strong and complete and free of
Spatter and waste.
0006. It is an object of this invention to provide a method
of delivering or transferring a known and reproducible
quantity of metal from the electrode wire to the weld site
during gas metal arc welding. It is a more Specific object of
this invention to provide a method of controlling current
pulses to the electrode to achieve about one droplet of
molten metal per double-pulse current cycle in Such weld
Ing.
SUMMARY OF THE INVENTION

0007 Metal transfer in gas metal arc welding refers to the
process of transferring material of the welding wire in the
form of molten liquid droplets to the workpiece. Such metal
transfer plays an important role in the Stability of the
welding process and the quality of resulting welds. Experi
mental observations show that welding current is a very
important factor affecting the mode of metal transfer and,
Subsequently, Weld quality. In accordance with this inven
tion, an electrical power System and Wave form generator
control is employed to provide a direct current arc between
the electrode tip and weld puddle during the formation of a
gas metal arc weld. The wave form of the current during
each drop of metal transfer is characterized by a background
current to Sustain a Suitable arc, a first current pulse to
enhance drop formation at the tip of the electrode and a
Shorter but greater Second current pulse to affect Separation
of the drop from the electrode.

0008. In setting up a welding operation for workpiece(s)
of known thickness to be welded, the metal composition of
the workpiece is known and the composition of the welding
electrode and Shielding gas Specified. Based on experience,
prior testing and/or mathematical modeling, operating
parameters for the welding job are established. These weld
ing operating parameters include, for example, electrode
diameter, length of electrode protrusion from the electrode
holder or gun, Shielding gas flow rate, internal diameter of
Shielding nozzle, wire feed Speed, and the like. Such param
eters are coordinated with the welding current and Voltage
and, in accordance with this invention, the welding current
is pulsed twice and controlled to deliver one drop of weld
metal from the electrode tip each pulsing cycle. Such
controlled metal transfer contributes to the formation of a

Succession of welds of good quality with minimized spatter
and waste.

0009. A double pulse cycle is specified to produce a
droplet of Weld metal. For example, a cycle of one droplet

each ten milliseconds (ms) may be employed during the
formation of a particular weld which may take a few Seconds
for completion. During each ten millisecond cycle of the
welding operation, a continuous background current is
employed of, e.g., one hundred amperes to create and Sustain
the arc between the electrode tip and workpiece. A first
current pulse is generated and imposed on top of the
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background current to promote generation of a droplet on
the end of the electrode. This current pulse is sustained for

delivery line 30 as managed by controller 20. Similarly a
Source of Suitable electric power 32 is provided and deliv
ered through electrical lead 34 to the electrical connector 24

droplet has been Suitably formed, a Second current pulse

welding controller 20 has the capability of controlling and
varying the amount of current delivered at millisecond
timing from Source 32 to connector 24 and electrode wire

a fraction of the ten-millisecond cycle period (for example,
3-4 ms) and is larger (for example, a total of three hundred
amperes) than the background current. Then, when the

larger (for example, a total of eight hundred amperes) than

the first pulse is imposed on top of the first pulse to promote
separation of the droplet from the electrode wire tip. The

duration of the Second current pulse is also a fraction (for
example, 0.5 ms) of the drop forming cycle. This cycle of
background current, first current impulse for droplet forma
tion and Second current impulse for droplet Separation is
repeated until Sufficient metal transfer has occurred to com
plete a weld task. Current flow is stopped and the welded
Workpiece removed from the welding area. A new workpiece
may then be placed for welding.
0.010 The one drop of molten weld metal per two-pulse
current cycle of this invention permits controlled and repeat
able formation of high quality welds with minimal waste of
electrode material. Once a Suitable background welding
current and increased current pulse levels and durations have
been established for a workpiece the control of the welding
preSS is easily managed and modified if necessary. Many like
welds can be readily produced in the joining of like work
piece assemblies. The process will be illustrated in GMAW
but is applicable in arc welding processes in general.
0011. Other objects and advantages of the invention will
become apparent from a detailed description of preferred
embodiments of the invention which follow.
BRIEF DESCRIPTION OF THE DRAWINGS

0012 FIG. 1 is a schematic view of an assembly of a
Workpiece and welding apparatus for the practice of this
invention.

0013 FIG. 2 is a graph of welding current versus time in
milliseconds during the formation of three drop formation
and Separation cycles in an embodiment of this invention.
0014 FIGS. 3A-3C are schematic views of the formation
of the bare arc, FIG. 3A; the formation of a droplet of weld
metal on the tip of a welding wire electrode, FIG. 3B; and
the separation of the droplet from the electrode, FIG. 3C, all
in one droplet forming, two-phase current cycle in an
embodiment of this invention.
DESCRIPTION OF THE PREFERRED
EMBODIMENT

0.015 FIG. 1 is a schematic illustration, not to size scale,
of representative apparatus 10 for a practice of GMAW.
Consumable electrode wire 12 is unwound from roll 14 and

delivered to an electrode holder 16 through a stand 18 of
feed rolls. A weld process controller 20 controls the speed of
advancement of electrode wire 12 through roll stand 18 as
well as the delivery of Shielding gas and electrical current to
the Weld site. Electrode wire 12 advances through gas
plenum 22 and electric current connector 24 and is fed
through a flexible conduit 26 which contains the current
carrying electrode wire and shielding gas to electrode holder
16.

0016 Argon or other selected shielding gas is delivered
from a pressurized tank 28 or other Source through gas

for electrode wire 12. As will be described in more detail,

12. Controller 20 also controls the movement offeed rolls on

stand 18 through control line 36.
0017 Electrode holder 16 is illustrated positioned above
plates 38, 40 which have their abutting sides 42, 44 suitably
tapered to receive weld metal 46. If, for example, plates 38
and 40 are made of a stainless Steel composition, the
electrode wire 12 may also be of a Suitable Stainless Steel
composition. Weld metal 46 is shown as an un-solidified
puddle receiving droplets 48 of weld metal transferred from
the tip portion 50 of electrode wire protruding downwardly
from electrode holder 16. Often electrode holder has a

central passage, not shown, for electrode 12 and a separate,
parallel flow passage, not shown, for the flow of Shielding
gaS.

0018 GMAW may be conducted by moving electrode
holder over or around an assembly of workpieces to produce
a number of welds in the fabrication of an article of

manufacture. In this embodiment, the electrode holder may
be carried by a robot arm or other programmable or con
trollable carrier. In other GMAW applications a succession
of workpieces are brought to a welding center and Succes
Sively placed under a welding gun Such as that indicated
schematically at 16. The practice of this invention may be
used in any such GMAW or other arc welding application in
which it is desired to control the formation and Separation of
drops of melding metal from an electrode.
0019 GMAW often uses direct current to form the arc 52
between electrode tip 50 and workpieces 38 and 40. Thus
electric power Source 32 delivers rectified alternating current
or direct current to electrical connector 24 under the man

agement of welding controller 20. Welding controller 20
includes current control circuitry to provide a constant
background current level and pulses of increased current
levels.

0020 FIG. 2 is a graph of current in amperes (A) versus
time in milliseconds (ms). The current is delivered to

connector 24 and electrode wire 12 in forming an individual
weld. In the welding example illustrated in FIG. 2, a
constant background current of about 100 amperes is deliv
ered to electrode tip 50 to form a discharge of electrical
current, an arc, between tip 50 and abutting ends 42, 44 of
workpieces 38, 40. The abscissa of FIG. 2 is a timeline

spanning about 33 milliseconds (ms). The 100 Abackground

current is indicated by horizontal line 200 in FIG. 2 and is
continued throughout weld formation.
0021. In the illustration in FIG. 2, a droplet forming and
transferring cycle of 10 mS is employed and three Such
cycles are illustrated in the figure. Starting at the beginning

of an illustrative cycle (t=0 in FIG. 2) the background
current 200 is passed between the electrode 12 and work
pieces 38, 40 to maintain arc 52. After about 6 ms, a current
pulse of a total of 300A is applied for about 3.5 ms. This is
a current level of 200 A above the background current level.
The 300 ampere pulse level in each droplet forming cycle
and its 3.5 ms duration are indicated for the Successive
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cycles by horizontal line segments 202. After a droplet
forming current pulse level of 300 A for 3.5 ms, a second
current impulse totaling 800A is imposed on electrode tip 50
for about 0.5 ms. The 800 A pulse level in each droplet
forming and transferring cycle and its 0.5 ms durations are
indicated by horizontal line segments 204 in FIG. 2. Fol

lowing the termination of the 800 Apulse, the next 10 ms (in
this example) droplet formation and separation cycle begins.

Again, only the background current of 100 A is passed
through the electrode tip 50 and arc for the next 6 ms until
the first current pulse 202 is again imposed to enhance the
formation of the next droplet for the weld formation between
workpieces 38, 40.
0022 FIGS. 3A-3C are schematic illustrations of droplet
48 formation at the tip 50 of electrode wire 12 and transfer
of the metal droplet 48 to weld puddle 46. FIG. 3A depicts
the existence of arc 52 between electrode tip 50 and work
pieces 38 and 40 and weld metal puddle 46 under the steady

on the energy balance during droplet formation process
using
2

43

Jr. (1 ff - i) V, + i Ve = stra,

0025 where V (velocity of electrode wire during back

ground current)=4 cm/second and V (velocity of electrode

wire during peak current)=17.8 cm/second, r is the radius of
the molten droplet (i.e., 0.6 mm), f is the frequency). With
the given pulse frequency and droplet size, the wire feed
Speed, V, is determined based on the mass balance equation

(i.e.,

background current of 100 A (current level 200 in FIG. 2).

Upon the application of the first current pulse totaling 300A,
droplet formation occurs as illustrated by droplet 48 in FIG.
3B. The duration of the first impulse current is brief, about
3.5 ms, as shown in FIG. 2. The second impulse current
totaling 800 A provides sufficient electromagnetic field and
force around the droplet 48 of FIG. 3B to pinch it from
electrode tip 50 and permit it to drop, FIG. 3C, from tip 50
in arc 52 into weld puddle 46. The droplet forming and
transferring steps illustrated in FIG. 2 and FIGS. 3A-3C are
repeated at 10 millisecond cycle intervals until a predeter
mined Sufficient quantity of Weld metal has been thus
transferred from weld electrode 12 to the weld metal puddle
46. The weld metal soon solidifies by heat loss to the
abutting pieces 38 and 40 to form a strong weld free of
exceSS metal and Spatter.
0023. A least two ways can be used to produce direct
current for use in pulsed arc welding. In one practice,
Standard Single phase or three phase 60 Hz, alternating
current is Supplied to the welding operation and converted to
unidirectional current using a conventional rectifier. In a
Second practice, the available alternating current is again
converted to unidirectional current using a rectifier. The
direct current is applied to an inverter Section of the power
Supply where Solid-state controls Switch it on and off at
frequencies as high as 20,000 Hz, effectively converting it
back to high frequency AC. The pulsed, high Voltage, high
frequency AC then is fed to a transformer where it is
transformed into relatively low Voltage, high current AC.
Finally, this current is directed through a filtering and
rectifying circuit to obtain the desired unidirectional welding
current. The current level is controlled at millisecond inter

vals to produce the predetermined background current level
and the first and Second pulse levels in accordance with the
welding process of this invention.
0024. The procedure to devise the background current
and current impulses is as follows. For a given wire diameter

(e.g. D-1.2 mm=2r, where r is the radius of the electrode
wire), the background current (e.g., I=100A) to Sustain the
arc between the workpiece and electrode can be determined
based on reference welding current data found in the Ameri
can Welding Society Handbook. Then, the first current pulse,

which should be higher than the transition current (240 A)

given in AWS Handbook, is chosen (e.g., I=300 A). Then,
the duration (t) of first current pulse can be estimated based

0026 cm/sec, where r is the radius of the molten droplet
and r is the radius of the electrode wire). Finally, a second
pulse current (e.g., 800 A) is selected and Superimposed for
a short duration (e.g., 0.2 ms) to precisely generate and cut

off a droplet. The current magnitude should be high enough
to chop off the molten droplet in a short duration.
0027. The practice of the invention utilizes two current
pulses imposed on a background current to time the forma
tion and transfer of each droplet of Weld metal contributing
to an individual weld. The goal is to transfer one drop of
Weld metal per two-current pulse cycle. In the above
example, each cycle totaled about ten milliseconds. The
droplet forming current impulse is usually for less than half
of the total cycle and the droplet releasing impulse is usually
much shorter than the droplet forming impulse. The Specific
durations of the total cycle and current impulses are based on
an analysis of the Weld electrode material and size and the
background current and current pulse combination found to
be useful to deliver a suitable droplet in a several millisec
ond time interval. Like GMAW, the practice of this inven
tion can be applied to welding many different metal com
positions using electrode materials of appropriate
composition.
0028. Accordingly, while the invention has been illus
trated by a preferred embodiment it is apparent that other
embodiments could readily be adapted by one skilled in the
art. The scope of the invention is limited only by the scope
of the following claims.
1. A method of forming a droplet of weld metal on a
welding wire electrode and Separating the droplet from the
electrode in an arc welding process, Said method compris
ing:
establishing a direct current flow in an arc between Said
electrode and a workpiece at a background current flow
level over a welding cycle time period for forming a
droplet on Said electrode and transferring Said droplet
in Said arc to Said workpiece;
producing a first pulse in Said current flow, during Said
welding cycle time period, at a first pulsed current flow
level greater than Said background current flow level
for forming Said droplet on Said electrode, and
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producing a Second pulse in Said current flow, during Said
welding cycle time period, at a Second pulsed current
flow level greater than said first pulsed current flow
level for Separating Said droplet from Said electrode and
for transfer in Said arc to Said workpiece.
2. A method as recited in claim 1 in which Said current is

continued at Said background flow level and Said first and
Second current flow pulses are repeated to form and transfer
a corresponding plurality of droplets of Weld material from
Said electrode to Said workpiece to form a weld in Said
Workpiece.
3. A method as recited in claim 1 in which the duration of

Said first pulse in Said current flow is a first pulse period that
is less than half of Said welding cycle time period.
4. A method as recited in claim 3 in which the duration of

Said Second pulse in Said current flow is a Second pulse
period that is less than Said first pulse period.
5. A method as recited in claim 1 which is conducted in

a gas metal arc welding proceSS and in which said droplet is
transferred in a globular mode.
6. A method as recited in claim 2 which is conducted in

a gas metal arc welding proceSS and in which said droplet is
transferred in a globular mode.
7. A method as recited in claim 3 which is conducted in

a gas metal arc welding proceSS and in which said droplet is
transferred in a globular mode.
8. A method as recited in claim 4 which is conducted in

a gas metal arc welding proceSS and in which said droplet is
transferred in a globular mode.
9. A method of forming a droplet of weld metal on a
welding wire electrode and Separating the droplet from the
electrode in a gas metal arc welding process, Said method
comprising:
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establishing a direct current flow in an arc between Said
electrode and a workpiece at a background current flow
level over a welding cycle time period for forming a
droplet on Said electrode and transferring Said droplet
in Said arc to Said workpiece;
producing a first pulse in Said current flow, during Said
welding cycle time period, at a first pulsed current flow
level greater than Said background current flow level
for forming Said droplet on Said electrode, and
producing a Second pulse in Said current flow, during Said
welding cycle time period, at a Second pulsed current
flow level greater than said first pulsed current flow
level for Separating Said droplet from Said electrode and
for transfer in Said arc in a globular mode to Said
Workpiece.
10. A method as recited in claim 9 in which said current

is continued at Said background flow level and Said first and
Second current flow pulses are repeated to form and transfer
a corresponding plurality of droplets of Weld material from
Said electrode to Said workpiece to form a weld in Said
Workpiece.
11. A method as recited in claim 9 in which the duration

of Said first pulse in Said current flow is a first pulse period
that is less than half of Said welding cycle time period.
12. A method as recited in claim 11 in which the duration

of Said second pulse in Said current flow is a second pulse
period that is less than Said first pulse period.

